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1. SUMMARY 

An e r r o r  analysis of simulated observations by MSFN stations has  
been performed to determine an estimate of the accuracy of the ground 
differential correction scheme at specific t imes during the F mission. 
Local uncertainties in the spacecraft position and velocity vectors a r e  
presented for the ear th  parking orbit and the translunar and t ransear th  
coast  phases. 
during the translunar phase, the flight-path angle a t  fixed entry radius, 
and radial  velocity a t  entry during the t ransear th  phase. 

Also presented a r e  the uncertainties in pericynthion altitude 

The navigation analysis of the lunar  orbi t  and rendezvous phases of 
the F mission was not completed in t ime fo r  inclusion in  this document. 
The delay was caused by the lack of a technique to perform a complete 
analysis consistent with the observed navigation accuracies obtained f rom 
postflight analysis of Lunar Orbiter 3 and Apollo 8. 
available and the analysis of the lunar orbit  and rendezvous phases will be 
published as an addendum to this document. 

A technique is now 

Based on the analysis presented, the MSFN provides adequate navi- 
gation for  the ear th  parking orbit and the translunar and t ransear th  phases 
of the F mission. 





2. INTRODUCTION 

The navigation analysis i s  based on the reference trajectory 
described in Reference 1. 
estimate of the accuracy with which the F mission t ra jector ies  can be 
determined f r o m  MSFN tracking data. 
a complete dispersion analysis for  the F mission that computes an estimate 
of the fuel required to satisfy the mission objectives a s  well a s  the 
expected trajectory dispersions. 
ration and filtering techniques that may be employed by the RTCC. 

The purpose of this analysis is to compute an 

This information is  used to support 

The analysis simulates the data incorpo- 

The computer programs used for  conducting the analysis a r e  
described below: 

a. TAPP-IV generates an  integrated t ra jectory which matches the 
This program performs a complete tracking simu- reference trajectory. 

lation for  the mission including the generation of the trajectory,  vehicle 
r ise-  s e t  t imes,  tracking information mat r ices  when given input stations, 
their  associated data types and rates, and coordinate transformation and 
state transition mat r ices  (Reference 2). 

b. MOFIT and SNAP use the information from the TAPP-IV tape to 
compute the accuracies  using a linear e r r o r  analysis technique 
(References 3 and 4).  

2.1 E r r o r  Model 

The e r r o r  sources considered in  the generation of the ground t rack-  
ing information mat r ices  a r e  the noise and bias on each data type, the 
uncertainties in station location for each station, the uncertainty in the 
ear th  gravitational constant, the uncertainty in the moon gravitational con- 
stant (TL  and TE coast phases) ,  and the S-IVB venting uncertainty (EPO 
coast  phase). 
e r r o r  sources.  These values a r e  associated with a Gaussian distribution 
with zero  mean. 

Table I l i s t s  the one-sigma values f o r  each of the above 

2. 2 Navigation Plan 

The navigation plan consists of an observation schedule and specifi- 
cations f o r  using the resultant data. 
igation plan, provides an assessment of the effect of tracking and orbi t  
prediction e r r o r s  on the accuracy of orbit determination. 

An e r r o r  analysis, based on the nav- 

The assumed MSFN tracking schedule includes USB stations only. 
The following guidelines a r e  used in the development of the tracking plan: 

a.  Two o r  m o r e  stations do not t rack  the vehicle simultaneously 
during the ear th  parking orbit  phase. 

0 
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b. 
the maneuver, 
have been completed f o r  that update. 

The ground update fo r  TLI occurs a t  least  3 0  minutes pr ior  to 
At leas t  10  minutes before an update, all tracking must  

c. Only one t r iad of stations at a time t racks the vehicle during the 
translunar and t ransear th  coast phases (i. e . ,  three-way doppler, one 
master, two slaves). 

I d. 

e. 

Tracking must  occur above the 5-degree elevation angle. 

Tracking does not occur when the CSM high-gain antenna is 
occulted from the earth. 

The data types considered fo r  the ear th  parking orbi t  phase a r e  
two-way doppler and X-/Y-angles at  a rate of one set  of observations per  
6 seconds. During the translunar and t ransear th  coast phases,  two-way 
doppler observations are simulated for  the m a s t e r  station, and three-way 
doppler is simulated for  the other two stations (slave stations) in  the tr iad.  
The data ra te  is one set  of observations per  minute except for  periods 
when the CSM high-gain antenna i s  assumed occulted as a result  of CSM 
thermal  roll. 

The description of the mission i s  discussed below in three phases: 

Phase I 

Phase  I1 TLI to pericynthion 

Phase I11 TEI  to entry 

EPOI to S-IVB reignition 

Figure 1 is an  event schedule which presents  the o rde r  of the MSFN 
updates and times of the maneuvers. 

2. 2. 1 Phase I. - The assumed lift-off t ime for  the trajectory simu- 
lation is May 17, 1969, 16:33:49.371 (hr:min:sec) GMT. The launch phase 
is completed at S-IVB cutoff, 11:21.566 (min:sec) g. e. t . ,  at which time 
the S-IVB/CSM/LM is inserted into a 100-nautical mi le  c i rcular  parking 
orbit. 
2:31:36. 373 (hr:min:sec) g. e. t. 
to be sent from CY1 approximately 38 minutes p r io r  to TLI. 
TLI opportunity occurs approximately 88 minutes af ter  the nominal oppor- 
tunity. 
approximately 30 minutes pr ior  to the maneuver. 
b a r  graph of the tracking schedule used during Phase  I. 

The nominal TLI opportunity occurs  upon S-IVB reignition at 
The update for  the maneuver is assumed 

The second 

The update for  this maneuver is assumed to be sent f rom ACN 
Figure 2 presents  the 

2 .2 .2  Phase 11. - The reference t ra jectory TLI  maneuver is  targeted 
for  a pericynthion altitude of approximately 60 nautical miles and ear th  
re turn vacuum perigee of approximately 20 nautical mi les ,  which resul ts  
in a f r ee  return circumlunar trajectory.  TLI burnout was assumed to 

4 



occur at 2:36:43. 37 (hr:min:sec) g. e. t. The timeline is designed to have 
four midcourse corrections which occur at 7 and 24 hours after TLI and 
22 and 5 hours p r io r  to LOI. The updates fo r  the midcourse corrections 
a r e  assumed to occur 2 hours p r io r  to each MCC. The LO1 maneuver 
inser t s  the spacecraft  into an elliptical lunar  orbit  (60 by 170 nautical 
mi les )  at 76:8:17. 58 (hr:min:sec) g. e. t. 

The t ime from TLI to pericynthion is approximately 73:40 (hr:m 

The blackened station in each t r iad  is the mas te r  st: 
Figure 3 is a ba r  graph of the tracking schedule used f o r  the analysis 
during Phase 11. :ion. 
There is  no tracking during those periods when the high-gain antenna of the 
CSM is assumed occulted a s  a result of the passive thermal control con- 
straint. 
3 hours after TLI, discontinued from 1 hour before to 1 / 2  hour after each 
midcourse correction, and terminated 3 hours p r io r  to pericynthion 
(Reference 5). 

The passive thermal  control constraint is assumed to be initiated 

2 . 2 .  3 Phase  111. - Transear th  injection was assumed to occur on 
May 23,  1969 at 28t3 .741  (min:sec) GMT, with earth entry approximately 
63.4 hours later.  Thermal  roll is simulated on the t ransear th  trajectory 
beginning 2 hours af ter  TEI and ending 2 - 1 / 2  hours p r io r  to ear th  entry, 
Exceptions during this time a r e  periods beginning 1 hour before each of 
the assumed midcourse correction t imes (TEI plus 15 hours,  entry minus 
1 5  hours,  and entry minus 3 hours) and ending 1 / 2  hour after MCC time. 
Updates for  the midcourse corrections a r e  assumed to occur 2 hours p r io r  
to each MCC. 
used during Phase  111. 
station. 

Figure 4 presents  the bar graph of the tracking schedule 
The blackened station in each t r iad is the master 
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3. SYMBOLS 

ACN 

ANG 

BDA 

CNB 

CRO 

CSM 

CY1 

EPOI 

GBM 

GDS 

g. e. t. 

GMT 

GWM 

GYM 

HAW 

h 
PC 

LM 

LO1 

MAD 

MCC 

MIL 

MSA 

Ascension Island 

Antigua Island 

Bermuda Island 

Canberra, Australia 

Carnarvon, Australia 

command and service module 

Grand Canary Island 

earth parking orbit  insertion 

Grand Bahama Island 

Goldstone, California 

ground elapsed t ime 

Greenwich mean time 

Guam 

Guaymas, Mexico 

Kauai, Hawaii 

pericynthion altitude 

vacuum perigee altitude 

lunar module 

lunar orbit  insertion 

Madrid, Spain 

midcourse correction 

Merr itt isiand 

moon 's  sphere of action 
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MSFN 

RSS 

RTCC 

S p s  

S- IVB 

TEI 

TEX 

T LI 

USB 

Manned Spa c e f li g ht Ne two r k 

root- sum- square 

Real Time Computing Center 

service propulsion sys tem 

Saturn IVB 

t rans  ear th  inj e ction 

Corpus Christi,  Texas 

translunar injection 

unified S-band 

radial  component of velocity 

flight- path angle 



4. RESULTS 

The values presented in Figures 5 through 11 and Tables 11 through 
IV a r e  defined as  three-s igma uncertainties. These values were calcu- 
lated by taking the square root of the variance (sum of the variances for 
the three components of position and velocity uncertainties, respectively) 
for the particular parameter  and multiplying the resulting value by three. 

The three -sigma uncertainties f rom this analysis for the translunar 
and t ransear th  phases a r e  presented in Figures 5 through 11 
position and velocity uncertainties (Figures 5, 6, 8, and 9) a r e  plotted a s  
a function of elapsed t ime f rom TLI or  TEI. All available MSFN tracking 
data accumulated up to, and including, that t ime were used to  compute the 
uncertainties. The predicted pericynthion altitude, radial velocity, and 
flight-path angle uncertainties (figures 7, 10, and 11) a r e  the accuracies 
a t  the elapsed t ime f rom injection propagated to pericynthion (for hpc) o r  
ear th  entry (for Table 11 l i s t s  specific accuracies f o r  position, 
velocity, and predicted altitude (at nominal t ime of pericynthion ar r iva l )  
during the translunar phase. Table IV l is ts  specific accuracies f o r  posi- 
tion, velocity, flight-path angle a t  fixed entry radius, and radial velocity 
a t  entry during the t ransear th  phase. 

The local 

and y). 

The three -sigma position uncertainties for  the T L  coast phase 
reached a maximum of 12. 6 nautical miles a t  56 hours after injection and 
decreased to about 3. 4 nautical miles  a t  pericynthion. 
velocity uncertainties decreased to  a minimum of 0. 15 foot per second a t  
5 hours prior to  pericynthion and increased to i t s  maximum of 27 feet per  
second a t  pericynthion. The predicted pericynthion altitude uncertainties 
reached a maximum of 12. 5 nauticial miles a t  10 hours after injection, 
decreased to 7. 3 nautical miles a t  TLI plus 20 hours, remained fairly con- 
stant to TLI plus 55 hours, and then dropped sharply to  0. 54 nautical mile 
a t  pericynthion. 
phase decreased from a maximum of 28 nautical miles after 2 hours of 
tracking t o  a minimum of 0. 3 nautical mile at  entry. The three-s igma 
velocity uncertainties decreased to  a minimum of 0. 39 foot per second a t  
8 hours prior to entry and increased to 2.6 feet per second at  entry. The 
three -sigma radial velocity uncertainties at  entry decreased from 3000 feet 
per second after 1 hour of tracking t o  a minimum of 1. 1 feet per second a t  
entry. The three sigma flight-path angle uncertainties a t  fixed entry 
radius decreased from 5. 7 degrees af ter  I hour of tracking to 0. 009 degree 
a t  entry. 

The three -sigma 

The three -sigma position uncertainties for the TE  coast 

The one-sigma covariance matr ices  representing the estimated 
accuracy associated with the spacecraft position and velocity vectors a t  
the time of TLI-1 and TLi-2, iiiideoiirsz c ~ r r e c t i o n s ,  LOT, and entry a r e  
presented in Table V. These matrices a re  referenced t o  a u, v, w (orbit 
plane) coordinate system relative to  the CSM at the indicated event. 

9 





5. CONCLUSIONS 

Based op the MSFN capabilities i n  the determination of the F mission 
t ra jector ies  studied, the following conclusion is  made: 

The resul ts  obtained from this analysis 
indicate that the MSFN navigation is  
adequate for the various phases studied. 





a 

a 

a 

a 

a 

Table I. One-Sigma Values of MSFN E r r o r  Sources 

USB Station Tracking Accuracv 

Noise - Phase 

EPO Phase 

X-Y angles 0 .83-3 rad 

Two-way doppler (1 per  6 s ec )  0.02 f t / sec  

TL & TE Coast Phases  

Two-way doppler (1 per  60 s e c )  0. 002 f t / sec  

Three-way doppler 0.002 f t / sec  

Station Location Uncertainties 

Station 

GBM 

BDA 

ANG 

CY1 

ACN 

MAD 

CRO 

GWM 

CNB 

HAW 

GDS 

GYM 

TEX 

MIL 

Longitude 
( rad)  

0. 581776433-5 

0-628739173-5 

0.58 177 6433 -5 

2.47254983-5 

1. 696847 9E -5 

0.387850943 -5 

1 06659013 -5 

3. 19977 043  -5 

1. 06659013 -5 

0.77570191E-5 

0.581776433-5 

0.58 177 643E -5 

0. 533295063-5 

0. 581776433 -5 

Latitude 
lradl 

0.48481 3693 -5 

0.581776433-5 

0.533295063-5 

2.23014303-5 

1.64836663-5 

0.48481 3693 -5 

0.921146023-5 

3.10280763-5 

0.921 146023 -5 

0.678739173-5 

0.533295063-5 

0.48481 3693 -5 

0.48481 3693 -5 

0.484813693-5 

Bias 

1 .6E-3 rad  

0. 03 f t / s ec  

0. 03 f t / s ec  

0.03 f t / s ec  

Altitude 
0 

134.51444 

141. 07612 

137.79528 

104.98688 

104.98688 

141. 07612 

216.53543 

104.98688 

216.53543 

141.07612 

131.23360 

134. 51444 

131.23360 

131.23360 

2 Uncertainty in ear th  gravitational constant: 1. O6Ei i ft3:sec 

Uncertainty in moon gravitational constant: 7. 1 3 9  f t  / sec  

S-IVB venting: 

3 2 

10% of venting magnitude described in Reference 6. 
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Table V .  One-Sigma Covariance Matrices 

Format :  
U uu 

uv OVV 

uw 'vw 'ww symmetr ical  

uli Ovli Ow; %Ii 

u& vc;. Ow& u& v& w+ 

u 

0 

u 

u 0 .  u . .  Ovir wi. u t  vv 

u. 0 u. 0. 0 .  

Coordinate System: 

u - in the direction of the geocentric o r  selenocentric 
radius vector of the vehicle a t  the t ime of the event 

v - orthogonal to u, pointing downrange in the orbit  plane 

w - mutually orthogonal to u and v, completing the 
right-handed sys tem 

The units for position and velocity a r e  feet and feet pe r  

second, respectively. 
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Figure 5 .  Three-Sigma Local Position Uncertainty - Translunar Phase 
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Figure 6 .  Three-Sigma Local Velocity Uncertainty - Translunar Phase 
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